The present study focused on the prospect of fabricating a polymeric naturally extracted Moringa oleifera oil bionanocomposite film enriched with silver nanoparticles for antimicrobial activity. In this study, a standard concentration of Moringa oleifera oil (5-10 wt%) was used to fabricate a polymeric bionanocomposite film using polyvinyl chloride (PVC) enriched with silver nanoparticles. The active constituents of the extracted Moringa oleifera oil were verified using gas chromatography-mass spectrometry. Spectroscopic and microscopic techniques, including scanning electron microscopy, X-ray diffraction, and energydispersive X-ray analysis, were employed to characterize and study the surface morphology of the fabricated bionanocomposite film. The antimicrobial activity of the fabricated bionanocomposite film was investigated using different strains of bacteria and fungus. The results revealed well-oriented and excellently dispersed silver nanoparticles in the PVC-Moringa oleifera oil matrix. The bionanocomposite was able to inhibit the growth of Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Salmonella typhi, Pseudomonas aeruginosa, Shigella flexneri, and Candida albicans. The combination of nanoparticles with polymers is opening new routes for engineering fixable composites, which showed antimicrobial properties.
Introduction
Enhancing the antimicrobial effects of different oils is very crucial for treating resistant infectious pathogenic microbes. Several plants with antimicrobial activities are considered a potent source of unique antimicrobial functions. Native to India, Moringa oleifera is widely used as a functional food and medicinal plant that has high nutritional value and diverse pharmacological activities due to the essential phytochemicals existent in its leaves, pods, and seeds [1] . The seeds of Moringa have attracted scientific interest for their macronutrient composition, for their potential for oil production, and for being a significant source of protein. Several studies have concluded that the phytochemical compounds and secondary metabolites in its seeds have an excellent antioxidant activity, and they have been used as nutraceutical molecules. Seeds contain a range of 4.58-4.95 g/100 g of total phenolic compounds, where gallic acid is predominating, followed by ellagic and caffeic acids. Smaller amounts of several other phenolic acids, such as p-coumaric, vanillic, ferulic, and cinnamic acids, have also been identified. Additionally, the seeds of Moringa contain a significant amount of oil (up to 40%) with a distinguished resistance to oxidative degradation after refining [2] . Commercially, Moringa oil is known as "Behen oil," due to the presence of appreciable amounts of behenic acid along with palmitic and stearic acids as well as oleic acid (more than 70%) [3] . Different sterols such as stigmasterol, campesterol, β-sitosterol, and δ
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-avenasterol and traces of 24-methylenecholesterol, stigmastanol, and campestanol as well as 24 -isoavenasterol have been found [4] . The pharmacological studies of Moringa oil have claimed various biological activities including antibacterial, antifungal, antioxidant, antifertility, and anticancer effects [5] . The oil has also been reportedly used in the treatment of arthritis rheumatism and hypertension [6] .
Nowadays, nanoencapsulation (imbedding metal nanoparticles within polymer matrices) is a novel frontline technology in the field of nanoscience which, depending on the application, can be tailored to improve a number of desired properties. Recently, there has been enormous interest in polymer nanocomposites because of their low cost and high-performance potential for an unlimited spectrum of applications in automotive, aerospace, building construction, military, packaging, pharmaceutical, medical devices, and other industries. Nanoparticles possess a viable alternative feature to antibiotics and have a high potential activity against drug resistant bacteria [7] . Due to its low cytotoxicity [8] , silver nanoparticles (AgNPs) have been used as an antimicrobial and antiseptic. They have also been used against various gram-positive and gram-negative bacteria [9] [10] [11] . The literature survey has revealed very few reports which studied Moringa oleifera oil in polymeric mixtures. In 2018, Finzi-Quintao et al. reported a comparative study of Moringa oleifera oil in mixtures with commercial polymers [12] . Furthermore, Finzi-Quintao et al. suggested another study in 2019 concerned with the biodegradation of Moringa oleifera's polymer blends [13] . In 2016, Abd-Rabou et al. addressed and explored the potential of Moringa oleifera seed oil as an impact compound to promote the mechanism of mitochondrial apoptosis of cancer cell death [14] .
PVC is the third widely important plastic polymer after polyethylene and polypropylene. It has high mechanical and hardness properties [15] . Furthermore, marvelous applications have been reported for PVC in various fields such as biomaterials [16] , polymers in sensors [17] and biosensors [18] , and medical and healthcare [19] as well as in cytotoxicity and cytokine release [20] . Considering the unique benefits of Moringa oleifera oil incorporated with PVC and decorated with silver nanoparticles as a bionanocomposite, the present study is aimed at using PVC as a supporting material for the fabrication of a polymeric Moringa oleifera oil bionanocomposite enriched with silver nanoparticles (AgNPs). The prepared bionanocomposite was screened for antimicrobial activity.
Materials and Methods
2.1. Botanical Materials. Moringa oleifera materials were collected from Jazan, Saudi Arabia, where trees were grown in local farms. Following collection, seeds were separated from the pods (fruits) and packed in polyethylene plastic bags. Seeds were sun dried to reduce moisture content. The dried seeds were ground into fine powder with an electric grinder for solvent extraction. The sample was stored in a safe, cool, dry place until further use. 2.4. Oil Extraction. For solvent extraction, 200 g of ground Moringa oleifera seeds were placed in a thimble paper and inserted at the center of the extractor tube. The extractor tube was transferred to the extraction chamber in the Soxhlet apparatus. Approximately 500 mL of the organic extraction solvent mixture (ratio of chloroform : methanol, 1 : 1) was added into the solvent flask and placed on the heating mantle. The cold-water supply was opened to the condenser to ensure continuous recycling of the solvent. The extraction chamber was arranged in such a way that when the extraction solvent surrounding the sample thimble exceeds a certain level, it flows and trickles back down into the boiling round bottom flask. This cycle was allowed to repeat until complete oil extraction from the solid sample was achieved. Then, the flask containing oil was removed from the extractor tube, filtered through filter papers, and the organic solvent was removed from the collected solution using a rotary evaporator under reduced pressure. The residual solvent was removed using a drying oven at 60°C for 1 h and flushed with nitrogen (99%) to acquire the Moringa seed oil. The extracted oil was then weighed and stored in a plastic container for further analysis.
2.5. Gas Chromatography/Mass Spectrometry Analysis of Moringa Seed Oil. The analysis of the fatty acid composition of Moringa seed oil extracted by a Soxhlet apparatus was obtained using GC-MS after the derivatization of the fatty acids into fatty acid methyl esters (FAME). FAME separation and identification were carried out using the PerkinElmer Clarus 600 gas chromatograph aligned to a mass spectrometer (TurboMass). Approximately, 1 μL of the derivatized sample was injected into a 30 m long Elite-5MS GC column with 0.25 μm film thickness and 0.25 mm internal diameter. The oven temperature of the GC-MS system was programmed as follows: the initial temperature was 40°C, increasing this to 100°C at a rate of 5°C/min, hold for 2 minutes, increasing from 100°C to 200°C at the transfer line heater at a rate of 5°C/min, hold for 5 min, and then using a final temperature of 300°C for another 5 min. The injector temperature and the inlet temperature of the MSD (mass selective detector) solvent (delay 3.5 minutes) were maintained at 220°C and 300°C, respectively. The mobile phase used was helium at a volumetric flow rate of 1.0 mL/min. The detection of the mass spectrum was determined by scanning at 40 to 600 a.m.u. in an electron ionization mode. Finally, the identification of unknown compounds was The concentration of alkanes was 1000 μg/mL. The RI values were calculated using the AMDIS32 software.
Identification of Constituents of Moringa Seed
Oil by GC-MS. The components of Moringa oil were identified on the basis of GC retention time, their matching with the Wiley Library 2006, and comparing the fragmentation pattern of their mass spectra with those already mentioned in the literature [21, 22] . The identified constituents were recognized as fatty acid, sterols, alkanes, and alcohol compounds.
Fabrication of Plain and Moringa oleifera Oil/PVC-Ag
Bionanocomposite. A simple process to fabricate an ultrafine PVC polymer and Moringa oleifera oil/PVC-Ag bionanocomposite film was employed. Briefly, to prepare 10% of a PVC solution, 10 g of high molecular weight PVC was dissolved in THF : DMF (1 : 1 w/w) under magnetic stirring overnight at room temperature. A homogenous Moringa oleifera oil/PVC composite was obtained by adding 5-10 wt% of Moringa oleifera oil to the PVC polymer solution with continuous stirring for 3 h at room temperature until the formation of a homogenous and uniformly distributed Moringa oleifera oil/PVC composite. A Moringa oleifera oil/PVC-AgNP bionanocomposite membrane was prepared by mixing 5-10 wt% of Moringa oleifera oil and 3 wt% of silver nitrate with the polymeric solution under vigorous stirring for 3 h at room temperature. The polymeric Moringa oleifera oil/PVC-AgNP bionanocomposite film was formed, and the collected solution was stored for further studies.
2.8. Characterization. Spectroscopic and microscopic investigations of the fabricated Moringa oleifera oil/PVC-AgNP bionanocomposite were performed to ensure the morphological features. The XRD patterns of PVC, Moringa oleifera oil, and the Moringa oleifera oil/PVC-AgNP bionanocomposite were studied using an X-ray diffractometer (D/MAX 2500, Rigaku Corporation, Tokyo, Japan), operated by adjusting the voltage and current at 30 kV and 40 mA over Bragg angles between 10 and 70 degrees. Furthermore, the surface morphology of the prepared bionanocomposite was investigated at different magnifications using a scanning electron microscope (SEM) (JSM-7610F; JEOL, USA). Also, the chemical composition of the Moringa oleifera oil/PVC-AgNP bionanocomposite was tested using an energy-dispersive X-ray spectrometer (EDX) equipped with a SEM apparatus. The size distribution was assessed by ImageJ software (a scriptable Java app for scientific image processing).
2.9. Thermal Stability of Bionanocomposite Film. Thermogravimetric analysis was used to study the thermal stability of the Moringa oleifera oil and the AgNP bionanocomposite film. The experiment was conducted under the continuous argon flow of a Shimadzu thermogravimetric analyzer (TGA-502 model) with a scanning range from 5 to 500°C and a heating rate of 10°C min -1 .
2.10. Antimicrobial Activity 2.10.1. Determination of Antibacterial Activity of Moringa oleifera Oil and Moringa oleifera Oil/PVC-AgNPs. The disc diffusion method was used to investigate the antibacterial activity [23] . It was performed using the Mueller-Hinton agar 18 h culture plates at 37°C. The bacterial suspension was adjusted to a bacterial cell density of 1 0 × 10 8 UFC/mL with a sterile saline solution. A sterile swab immersed in each bacterial suspension was spread over the plates in order to get a uniform microbial growth on both test plates and control. 10 μL of Moringa oleifera oil and 10 μL of the Moringa oleifera oil/PVC-AgNP bionanocomposite were applied on the sterile disc. All were placed on the surface of 20 mL plates inoculated with microorganisms. Then, plates were incubated for 15 minutes at room temperature followed by 24 h of incubation at 37°C. The inhibition zones were measured in millimeters [24] . A standard disc containing ciprofloxacin (5 μg/disc, MASTDISCS™, Mast Diagnostics Ltd.) was used as a reference control for bacterial inhibition, and fluconazole (5 μg/disc, MASTDISCS™, Mast Diagnostics Ltd.) was considered the positive control of fungal inhibition. All experiments were carried out in triplicates, and the mean inhibition diameter was calculated. The effect was classified as either "sensitive" or "resistant" with a cutoff value equal to 8 mm.
Determination of Minimum Inhibitory Concentration
"MIC." Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite with a large inhibition diameter were tested for the antimicrobial potential against each microorganism. Minimum inhibitory concentration (MIC) was determined by a broth microdilution protocol using the Mueller-Hinton broth in a 96-well microtiter tray. Tween 80 (Sigma-Aldrich) was added to the broth to enhance the solubility of Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite. A range of three dilutions of the Moringa oleifera oil/PVC-AgNP bionanocomposite from 50% to 25% to 12.5% (v/v) were used [24] . Briefly, each well was inoculated with one of the serial dilutions of Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite plus 10 μL of bacterial inoculum. The Mueller-Hinton broth and Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite were used as a negative control. Meanwhile, the MuellerHinton broth with the microorganism inocula were used as a positive control and reference base to study the effect of Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite on the tested microorganisms. After 24 h of incubation at 37°C under agitation, MIC was determined [25] . Table 1 .
Results and Discussion
GC chromatograph (Figure 1 ) of the oil showed the presence of various saturated and unsaturated fatty acids. The extraordinary degree of the oil unsaturation (75.2%) is due to the elevated percentage of oleic acid (71.6%) as the main unsaturated fatty acid. Other prominent fatty acids detected were palmitic acid (6.2%), stearic acid (7.2%), behenic acid (7.4%), and arachidic acid (5.2%), with small traces of linoleic, linolenic, palmitoleic, heptadecanoic, and eicosanoic acids ( Table 1 ). The unrefined oil on electronic nose analysis showed a similar flavor to peanut oil.
Characterization of Moringa oleifera
Oil/PVC-AgNPs. In the present study, gradual concentrations of Moringa oleifera oil (5-10%) were added to optimize the suitable concentration for bionanocomposite fabrication. Initially, 5% Moringa oleifera oil was used, but this percentage could not provide well-characterized bionanocomposites. Thus, the percentage of the added Moringa oleifera oil was gradually increased. 10 wt% of Moringa oleifera oil was found to be the optimal concentration to obtain the Moringa oleifera oil/PVC polymeric solution. Scheme 1, represents the formation of the Moringa oleifera oil/PVC-silver nanoparticle bionanocomposite. SEM micrographs of the plain and fabricated bionanocomposites were investigated at different magnifications. The surface morphology of 100 nm and 10 μm plain PVC at 50000x and 800x magnifications showed a smooth face with less diameter distribution (Figures 2(a) and 2(d) ). Furthermore, the pictorial depiction of plain Moringa oleifera oil at 50000x magnification showed a homogenous distribution of rounded oil droplets, and at 800x it showed irregular and coagulant masses with tiny pores around the edges (Figures 2(b) and 2(e) ). In addition, Figures 2(c) and 2(f) showed the SEM images of the fabricated Moringa oleifera oil/PVC-AgNP bionanocomposite at the same previous magnifications revealing the spherical appearance of AgNPs with particle sizes ranging between 35 and 50 nm.
The particle size distribution of the polymer solution of PVC containing 10 wt% of Moringa oil was studied. The particle size distribution was determined in a diameter range of 30 nm (±10 nm) (Figures 3(a) and 3(c) ). Also, the formation of the bionanocomposite of the Moringa oleifera oil/PVCAgNPs showed a homogenous distribution, and the particle diameter was altered in the range of 40 nm (Figures 3(b)  and 3(d) ). The surface of the fabricated bionanocomposite was found to be soft, which can be explained by the appearance of AgNPs, and revealed the successful use of Moringa oleifera oil with PVC for the fabrication of the suggested bionanocomposite.
X-ray diffraction (XRD) with Cu kα radiation (λ = 1 540 A) over Bragg angles in a range from 10 to 70 degrees was used to confirm the dispersion of Moringa oleifera oil and AgNPs in the PVC polymeric solution. The applied current and voltage were kept at 50 mA and 30 kV, respectively. The XRD pattern of the plain PVC showed no distinguished peak spectrum (Figure 4(a) ) due to the amorphous nature of the polymer as previously reported by [26] . On the other hand, the oil displayed a high-intensity broad peak near ∼20 degrees (Figure 4(b) ). This could be attributed to the dispersion of Moringa oil in the PVC matrix causing a significant change in peak intensity. Meanwhile, in the XRD of the Moringa oleifera oil/PVC-AgNP bionanocomposite, the presence of distinct peaks at 38.18°, 44.25°, and 64.74°r evealed Bragg's reflection from Ag (111), Ag (200), and Ag (220) (Figure 4(c) ). Thus, the XRD spectra clearly indicated the presence of AgNPs in the fabricated bionanocomposite and were in consistent agreement with the previously reported results of [27] . Energy-dispersive X-ray (EDX) analysis of the plain PVC and Moringa oleifera oil/PVC-AgNP bionanocomposite was investigated using an EDX equipped with SEM.
Three signals representing C, O, and Cl for PVC were displayed (Figures 5(a) and 5(c) ). Meanwhile, the fabricated bionanocomposite demonstrated the presence of significant signals for C, O, and Ag (Figures 5(b) and 5(d) ). No other elemental impurity was observed. The study of the EDX spectra of PVC and the fabricated bionanocomposite confirmed the successful distribution of Moringa oleifera oil and AgNPs within the PVC polymer matrix.
Thermal Stability of Bionanocomposite Films.
The thermal stability of the bionanocomposite films was based on the inherent features of samples as well as the interaction between the reacted molecules. The bond dissociation of the polymeric chain occurs when the thermal energy exceeded the bond dissociation energy [28] . The fabricated bionanocomposite films were subjected to thermogravimetric analysis to prove the interaction between the organic and inorganic nanomaterial surfaces. The stability of the formed Moringa oleifera oil/PVC-AgNP films using different wt% of PVC-AgNPs (5 wt%, 8 wt%, and 10 wt%) were investigated, and the obtained curves are presented in Figure 6 . It was observed that the loss of weight was started above 120°C, and the obtained values were 150, 175, and 248°C for the previously mentioned Moringa oleifera oil/PVC-AgNP films, respectively. The estimated amount of desorbed water was nearly 2.0%. The major loss of weight occurred in between 150 and 250°C for the tested film, which is attributed to the organic phase desorption. Thus, the film displayed a greater thermal stability, up to 250°C. It is worth mentioning that the addition of the high wt% of PVC increased the residual weight due to the carbonaceous material possibly originating from the decomposition of the high molecular weight polymer.
3.4. Antimicrobial Activity. Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite exhibited different sensitivity toward all the stains used ( Figure 7) . Collectively, all organisms were sensitive to International Journal of Polymer Science
The MIC of Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite were determined against seven strains of microorganisms, i.e., Staphylococcus aureus (gram positive), Escherichia coli, Klebsiella pneumoniae, Salmonella typhi, Pseudomonas aeruginosa, and Shigella flexneri (gram negative), and a fungus, Candida albicans. MIC is defined as the lowest concentration of both Moringa oleifera oil and the Moringa oleifera oil/PVC-AgNP bionanocomposite resulting in inoculum growth inhibition. Three concentrations were found to have mostly affected the growth of all strains. Absorbance in each well was measured at 590 nm compared with the negative control and recorded in Table 2 . Also, the bionanocomposite had a broader spectrum of antibacterial potential than the Moringa seed oil against six isolates of bacteria, i.e., Staphylococcus aureus, Escherichia coli, Klebsiella pneumoniae, Salmonella typhi, Pseudomonas aeruginosa and Shigella flexneri (8 mm), at 50 mg mL -1 concentrations. It can also be deduced that the bionanocomposite had a higher antibacterial activity than the Moringa seed oil against all six isolates of bacteria with inhibition zones ranging between 10 and 16 mm at 50 mg mL -1 concentration. A minimum concentration 12.5% of the bionanocomposite was completely suitable to inhibit the growth of all cultivated strains. Also, it was observed that the Moringa oleifera oil/PVC-AgNP bionanocomposite demonstrated bactericidal and fungicidal activities with an MIC of 0.125 g mL -1 (Table 2 ).
Conclusion
The present study focused on the use of PVC as a supporting material for the fabrication of a polymeric Moringa oleifera oil bionanocomposite enriched with . Nanoencapsulation can enhance products in different industries such as food products with extensive functionality. The benefits are enormous such as simplicity of handling, structural sustainability, superior stability, controlled moisture and pH-triggered release, and boosted bioavailability and antimicrobial activity. Silver Figure 7 : Screening of the Moringa oleifera oil/PVC-AgNP bionanocomposite for antibacterial and antifungal activities by disc diffusion assay. 9 International Journal of Polymer Science metal nanoparticles breached into the film have the constraining effect of various respiratory process enzymes and impede the infiltration of protons and phosphate through the cell membrane, ultimately decreasing the ATP production levels well contained in the cell. Thus, mixing bionanocomposites such as the Moringa oleifera oil/PVC film enriched with AgNPs within the food packaging products could restrain the growth of pathogenic microorganisms and increase food quality and shelf life. Although nanoencapsulation could be efficient in controlling pathogenic microorganisms, there still are several points that need to be investigated related to any side effects and regulations of using nanoparticles in controlling microorganisms [29] .
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